We report the effect of chemical etching of p-GaN using molten KOH:NaOH solution on leakage currents, light output power, and electrostatic discharge ͑ESD͒ characteristics of GaN light-emitting diodes ͑LEDs͒. Photoluminescence and capacitance-voltage measurement indicated that a deep donor-acceptor pair ͑DDAP͒ was densely concentrated near the p-GaN surface region ͑ϳ18 nm͒ and the defects were effectively removed by a chemical etching process, resulting in a remarkable reduction of defect-assisted leakage current on the forward and reverse bias, and improved light output power due to enhanced injection efficiency in etched GaN LEDs. The negative-voltage ESD characteristics of etched GaN LEDs were also improved due to the decrease in DDAP defects near the surface region of p-GaN. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.3020765͔ All rights reserved. GaN-based semiconductors are a promising material for highbrightness light-emitting diodes ͑LEDs͒ with emission in the visible and ultraviolet wavelength range.
GaN-based semiconductors are a promising material for highbrightness light-emitting diodes ͑LEDs͒ with emission in the visible and ultraviolet wavelength range. 1, 2 Despite rapid progress in device fabrication and growth techniques, the degradation and reliability of GaN LEDs has increased in importance in high-performance LEDs. For example, GaN LEDs suffer from a rapid degradation of light output power at a high injection current 3, 4 and they show either malfunctions or catastrophic failure from negative-voltage electrostatic discharge ͑ESD͒ stress. Therefore, in order to improve the negative-voltage ESD characteristics of GaN LEDs, a GaN Schottky diode 5 or an additional ESD protection diode 6 was incorporated into GaN LEDs and a Si-based Zener diode 7 or a complementary metaloxide-semiconductor ͑CMOS͒ 8 was combined with GaN LEDs in the flip-chip LEDs. Furthermore, an AlGaN-GaN superlattice 9 and an n-GaN layer inserted underneath the InGaN/GaN multiquantum well ͑MQW͒, 10 for the purpose of efficient current spreading, were used to improve ESD characteristics. It is known that a GaN crystal grown by a metallorganic chemical vapor deposition ͑MOCVD͒ contains many defects in the bulk 11 and surface regions, 4,12,13 such as threading dislocations, nanopipes, deep-level defects, surface oxides, and carbons, and these make GaN LEDs more susceptible to ESD damage.
14 Moreover, these defects are regarded as a possible leakage source in GaN LEDs. 15 Therefore, a reduction in the defect level of GaN LEDs is essential for the improvement of ESD characteristics and for a reduction in leakage current.
In this study, we investigated the effect of chemical etching of the p-GaN surface on the leakage current, light output power, and ESD characteristics of GaN LEDs. The photoluminescence ͑PL͒ and capacitance-voltage ͑C-V͒ measurements showed that a deep donor-acceptor pair ͑DDAP͒ is densely concentrated near the surface region of p-GaN and the defect can be effectively removed by chemical etching. The etched GaN LEDs showed a reduction of defect-assisted leakage current on forward and reverse bias, resulting in an improved light output power and improved negativevoltage ESD characteristics due to the decrease of DDAP defects near the surface region of p-GaN.
The etched GaN LEDs showed a reduction of defect-assisted leakage current on forward and reverse bias and improved negativevoltage ESD characteristics due to the decrease of DDAP defects near the surface region of p-GaN.
Experimental
InGaN/GaN MQW LEDs were grown on c-plane sapphire substrates by MOCVD. The LED structure consisted of a Si-doped n-GaN layer ͑2 m͒ with Si concentration of 9 ϫ 10 18 cm −3 , fiveperiod InGaN ͑3 nm͒/GaN ͑7 nm͒ MQW active layers with emission wavelength of 465 nm and a Mg-doped p-GaN layer ͑0.13 m͒ with Mg concentration of 2 ϫ 10 20 cm −3 . Si and Mg concentration were measured by secondary ion mass spectrometry.
The top p-GaN layer of an LED wafer was cleaned with trichloroethylene, acetone, methanol, buffered oxide etch solution and deionized water for LED fabrication ͑referred to hereafter as a nonetched LED͒. The top p-GaN layer was further etched using a molten KOH:NaOH ͑1:1 wt %͒ solution for 30 s at 220°C for LED fabrication ͑referred to hereafter as an etched LED͒. The etching depth of the p-GaN layer was estimated to be ϳ18 nm from an etching rate of 0.6 nm/s in a molten KOH and NaOH solution. This mixed molten solution has a low melting temperature of ϳ200°C, compared to the molten KOH solution with a melting temperature of ϳ400°C, [16] [17] [18] and it leads to a low-temperature etch process for the prevention of overetching of p-GaN. The area of top-emitting GaN LEDs was 300 ϫ 300 m for etched and nonetched LEDs. The top parts of the LEDs were partially etched using an inductively coupled plasma with CH 4 /Cl 2 /H 2 /Ar source gases until the n-GaN layer was exposed. A Ti/Al ͑30/80 nm͒ layer was deposited on the n-GaN layer as an electrode of n-GaN. Ni/Au films with a thickness of 5/5 nm and 30/80 nm were deposited on the p-GaN layers as a current spreading layer and an electrode of p-GaN, respectively. All ohmic metals, except for the Ni/Au current spreading layer, were annealed at 500°C for 30 s in a nitrogen atmosphere. The Ni/Au current spreading layer was annealed at 500°C for 1 min in an air ambient.
Results and Discussion
To investigate the origin of defects affected by chemical etching of p-GaN, C-V curves were measured at a high frequency of 100 kHz using a MOS structure consisting of Al ͑100 nm͒/SiO 2 ͑15 nm͒/p-GaN ͑1 m͒/u-GaN ͑2 m͒ on the sapphire substrate. As shown in Fig. 1 , the flatband voltage ͑V FB ͒ of etched p-GaN is very close to the ideal V FB compared to that of nonetched p-GaN after the voltage sweep from −5 to 0 V. For this p-GaN MOS structure, the ideal V FB is calculated to be −2.3 eV based on the work function difference between Al ͑F Al :4.2 eV͒ and p-GaN ͑F p-GaN :6.5 eV͒. 19 The V FB of nonetched and etched p-GaN is −3.3 and −2.3 eV, respectively, as determined by the flatband capacitance ͑C FB ͒ of 3.3 ϫ 10 −11 F. C FB is required for flatband conditions in this p-GaN MOS structure, and the C FB of 3.3 ϫ 10 −11 F is calculated by using the equation C FB = 1/͑1/C ox + L D / S ͒ where C ox is the oxide capacitance of 3.5 ϫ 10 −11 F, L D is the extrinsic Debye length of 1.02 ϫ 10 −8 m, and s is the GaN permittivity of 8.9. 20 As shown in Fig. 1 , the V FB of etched p-GaN is very close to the ideal V FB of −2.3 eV, indicating that a large amount of hole-trap states in z E-mail: sjpark@gist.ac.kr the surface region of nonetched p-GaN was removed by chemical etching of the p-GaN surface. The V FB of the nonetched p-GaN shifted to the low-voltage side from the ideal V FB , and this indicates that the origin of the surface trap state is the hole trap state. 21 Furthermore, the inversion capacitance of etched p-GaN was decreased in the voltage range of −1 to 0 V, as shown in Fig. 1 . In general, the p-GaN MOS structures are known to show no surface inversion at room temperature, because the generation rate of the minority carriers is extremely low. 22 However, Nakano et al. reported the inversion of a p-GaN MOS structure at high-frequency C-V measurement and suggested that the inversion can be attributed to dislocation providing an external source of minority carriers. 23 These minority carriers are considered a dominant factor in creating an inversion capacitance at high-frequency C-V measurement. 21 Therefore, the C-V curves in Fig. 1 show that many hole-trap states and minority carriers in the surface region of p-GaN were simultaneously reduced by the chemical etching of p-GaN.
In order to further identify the origin of the hole-trap state and the minority carrier source, PL spectra were measured on etched and nonetched p-GaN layers at room temperature. The PL bands at ϳ2.85 eV ͑ϳ435 nm͒ and ϳ2.61 eV ͑ϳ475 nm͒ were typically observed on the Mg-doped p-GaN layers and these bands were related to the DDAP transition between V N deep donor and Mg Ga acceptor. 24, 25 The deep-level transient spectroscopy measurement also showed that Mg-doped p-GaN has discrete acceptor levels of 0.21, 0.39, and 0.41 eV above the valence bandedge ͑E v ͒. 26 These energy levels can also be involved in the DDAP transition, 27 resulting in the PL band at ϳ2.85 eV ͑ϳ435 nm͒ and ϳ2.61 eV ͑ϳ475 nm͒, as shown in Fig. 2 . The PL peak intensity at ϳ2.85 and ϳ2.61 eV on the PL spectra of p-GaN etched by a molten KOH and NaOH solution was remarkably decreased 7.1-and 2.8-fold, respectively, compared to those of the nonetched p-GaN, as shown in Fig.  2 . Furthermore, as shown in Fig. 2 , the bandedge emission ͑ϳ3.5 eV͒ and exciton-related peak ͑ϳ3.4 eV͒ 28 of etched p-GaN were increased by 2.31-and 2.59-fold, respectively, compared to that of nonetched p-GaN. This enhancement is attributed to the reduced DDAP defect acting as a nonradiative recombination center after chemical etching of p-GaN.
It was reported that the distance between the deep donor ͑V N ͒ and acceptor ͑Mg Ga ͒ in DDAP rapidly decreases when Mg concentration is higher than 10 18 cm −3 . 29 Therefore, the PL result indicates that the deep donor and acceptor of DDAP in the p-GaN with a Mg concentration of 2 ϫ 10 20 cm −3 were simultaneously removed by the chemical etching of the p-GaN surface region by the molten KOH and NaOH solution. The PL results also indicate that the V FB shift to a high-voltage side is attributed to the reduction of DDAP acceptor levels ͑Mg Ga ͒ acting as a hole-trap state, and the decreased inversion capacitance is attributed to the reduction of DDAP donor levels ͑V N ͒ because V N provides a minority carrier in the C-V measurement. Moreover, it was also found that the DDAPs are densely concentrated near the surface region ͑ϳ18 nm͒ of p-GaN and the defects can be effectively removed by the chemical etching of p-GaN with a molten KOH and NaOH solution.
The leakage currents of etched and nonetched GaN LEDs were measured at room temperature, as shown in Fig. 3 . It was reported that the forward current in the low-voltage region is closely related to the defect-assisted leakage current. 30 The defect-assisted leakage current of 3 ϫ 10 −6 A at 1.5 V in the nonetched GaN LEDs was decreased to 1 ϫ 10 −9 A in the etched GaN LEDs, as shown in Fig.  3a . The large leakage current of 1 ϫ 10 −5 A at a reverse bias voltage of −10 V in the nonetched GaN LEDs was also decreased to 7 ϫ 10 −8 A in the etched GaN LEDs, as shown in Fig. 3b . It was reported that the defect-assisted leakage current was observed at low reverse voltage and a band-to-band tunneling current was observed at high reverse voltage. 31 As Fig. 3a and b shows, the forward and reverse defect-assisted leakage currents in the GaN LEDs was remarkably reduced by 2-3 orders of magnitude due to the reduction of DDAP defects densely concentrated near the p-GaN surface region of ϳ18 nm. It was also reported that defects were highly concentrated within the top 15 nm of the surface region of the p-GaN layer, and this caused a defect-assisted leakage current in the Schottky diode of p-GaN. 32 However, the exact origin of defectassisted leakage current at the low forward and reverse bias voltage is still unclear. 15, 32, 33 In this study, our results strongly indicate that a dominant source of leakage current is closely related to the DDAP defects in p-GaN, which also corresponds to the PL band at ϳ2.85 and ϳ2.61 eV.
As shown in Fig. 4 , the light output power of etched and nonetched GaN LEDs was measured as a function of injection current. It was found that the light output power of etched GaN LEDs was significantly improved by 58% at 20 mA compared to that of nonetched GaN LEDs. This result is attributed to the reduced DDAP defects acting as a leakage path after chemical etching of p-GaN, leading to an enhanced injection efficiency and the improved light output power of GaN LEDs.
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were measured by applying positive-and negative-voltage ESD stress to the GaN LEDs, as shown in Fig. 5 . Either positive-or negative-voltage ESD stress was applied to the anode ͑p-GaN͒ of GaN LEDs, while the cathode ͑n-GaN͒ was grounded. The voltage of ESD stress in the range of 1-3 kV was used for positive-voltage ESD stress ͑Fig. 5a͒, and −300 V to −1.2 kV was used for negative-voltage ESD stress ͑Fig. 5b͒. Figure 5 shows that GaN LEDs are more susceptible to negative-voltage ESD stress due to defects in p-GaN, which induces a large amount of defect-assisted leakage current at the reverse bias voltage. As shown in Fig. 5a , the nonetched and etched GaN LEDs electrically failed after the application of positive-voltage ESD stress above 2 kV, indicating that the reduced defects near the surface region of p-GaN do not show improvement for positive-voltage ESD characteristics of GaN LEDs, probably due to the conductive nature of LEDs during positivevoltage ESD stress. The negative-voltage ESD characteristics increased from −0.3 to − 0.9 kV in etched GaN LEDs, as shown in Fig. 5b. Figure 5b shows that the nonetched GaN LED failed at a negative-voltage ESD stress above −0.3 kV. The etched GaN LEDs, however, showed good diode characteristics, even after the application of −0.9 kV ESD stress, as shown in Fig. 5b . It was suggested that the damage caused by negative-voltage ESD stress in GaN LEDs is related to a high density of defect level accelerating the impact ionization which is leading to the failure or degradation of GaN LEDs. 33 Therefore, the improvement of negative-voltage ESD characteristics in etched GaN LEDs can be attributed to the reduction of DDAP defects that are densely concentrated near the surface region of the p-GaN layer.
Conclusions
DDAP defects were densely concentrated near the surface region ͑ϳ18 nm͒ of the p-GaN layer and were effectively removed by using a molten KOH and NaOH solution. The defect-assisted leakage currents at the forward and reverse bias voltage were remarkably decreased due to a reduction of DDAP defect, and the light output power of etched GaN LEDs was significantly improved by 58% at an injection current of 20 mA due to enhanced injection efficiency. The negative-voltage ESD characteristics of GaN LEDs were also improved from −0.3 to − 0.9 kV.
